High throughput sequencing using the Illumina HiSeq platform is a pervasive and critical 12 molecular ecology resource, and has provided the data underlying many recent advances. A 13 recent study has suggested that 'index switching', where reads are misattributed to the wrong 14 sample, may be higher in new versions of the HiSeq platform. This has the potential to 15 invalidate both published and in-progress work across the field. Here, we test for evidence of 16 index switching in an exemplar whole genome shotgun dataset sequenced on both the Illumina 17
Introduction 27
28 High throughput sequencing, primarily through the Illumina HiSeq platform, has revolutionized 29 molecular ecology. In fact, 50% of original articles in a recent issue of Molecular Ecology (Vol 30 26, Issue 2) included Illumina-derived sequence data. Researchers can now explore questions 31 that were completely unanswerable before current sequencing technologies, using approaches 32 such as genome scans, genome assembly and high density genetic mapping (e.g. Gould and 33 Stinchcombe, 2017; Standage et al. 2016; Li et al. 2017) . With the central role that sequencing 4000 and HiSeq X machines (Sinha et al. 2017) . 36 37 To prepare DNA for Illumina sequencing, strands are fragmented and adapter sequences are 38 attached to the ends of these fragments. These adapters contain the sequence that binds to the 39 flow cell, a primer sequence for amplification during sequencing and, potentially, a barcode 40 index for linking reads to individual samples. Indexes are required when multiplexing samples 41 within a single sequencing lane, and can be included in adapters at one or both ends of the 42 DNA fragments. As the output of a single sequencing lane has increased, multiplexing has 43 become increasingly common. This is especially true in molecular ecology, where researchers 44 often aim to maximize sample size by using low coverage whole genome data (Buerkle and 45 Gompert 2013). For example, a single lane on the HiSeq 4000 can sequence 200 stickleback 46 genomes (~460MB) to 1x coverage. Consequently, it is critical that samples are correctly 47 demultiplexed or the resulting sequence data will contain mixes of reads from unexpected and 48 unpredictable sources. 49 50 A recent preprint by Sinha et al. reports high levels of index switching in a single cell RNAseq 51 experiment (Sinha et al. 2017 ). They dual indexed (i.e. barcodes on both adapters) all samples 52 using a Nextera XT kit and found that samples that shared a single index had greater similarity 53 in gene expression levels than expected. The authors attributed this to index switching, and 54 showed that controls containing adapters and index primers but no template DNA still had reads 55 assigned to them, receiving 5-7% of the average number of reads of samples with template 56 DNA as a result of index switching. They proposed that index switching occurs during cluster 57 generation (before sequencing) when free index primers replicate already indexed library 58 fragments. These newly copied fragments will then carry one wrong index and be misattributed 59 to another sample. Importantly, they find that this only occurs on the Illumina HiSeq 4000, which 60 uses a patterned flow cell and a new exclusion amplification (ExAmp) chemistry, and not in the 61
NextSeq 500, which does not. Both the HiSeq 4000 and HiSeq X use a patterned flow cell and 62 the cBot 2 system for cluster generation, suggesting that the problem may occur in both 63 machines. Illumina has acknowledged that index switching can occur and is higher in machines 64 that use a patterned flow cell, but suggests total index switching is >2% of reads (Illumina, 65 2017). 66 of which were sequenced on the HiSeq 2500, which does not use the patterned flow cell and 69
ExAmp chemistry, and half on the HiSeq X, which does. We have developed a novel method for 70 detecting index switching in genomic datasets and show that in our samples index switching is 71 minimal and not enriched in the HiSeq X. End Repair Module (NEB, Ipswich, Massachusetts, USA). The fragments were then A-tailed 90 using Klenow Fragment (3'-->5'exo-) from NEB and ligated to 24-bp-long, non-barcoded 91 adapters with a 3' T-overhang (Table S1) using the Quick Ligation Kit from NEB. After each 92 enzymatic step, the reactions were purified using 1.6 volumes of a solution of paramagnetic 93 SPRI beads (MagNA), prepared according to Rohland and Reich, 2012 . An enrichment step 94 was then performed using KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland) and short, 95 non-indexed primers that do not extend the adapters (Table S1 ). The reactions were then 96 (Table S1 ). The sequence of the completed adapters is identical to that 104
Illumina's TruSeq adapters. To identify whether index switching is increased in samples sequenced on the HiSeq X, we 126 leveraged the fact that individual samples in our dataset were either sequenced on the HiSeq X 127 or the HiSeq 2500. Therefore, we can not only estimate index switching rates on the HiSeq X, 128 but also tell if it is higher than for previous technology. 129 130 Previous work has suggested that index switching is occurring for 1-10% of reads depending on 131 factors during library preparation and sequencing (Sinha et al. 2017) . This low level means that, 132 for our dataset, at a single locus, an allele acquired because of index switching is likely to only 133 have one read, given moderate overall read depth. We looked for these unbalanced 134 heterozygotes (i.e. one read for allele 1, many reads for allele 2) and asked if the rare allele 135 (which we refer to as "allele sharing"). We then calculated ‫‬ , the probability that the rare allele 137 should be found in those samples based on f, the allele frequency for all samples sequenced 138 with that machine (excluding the unbalanced focal individual) and n, the number of other 139 samples with genotypes in the lane (1). 140
We then plotted We fail to find evidence that index switching is occurring in our dataset. For samples sequenced 174 on both machines, the observed proportion of allele sharing within a lane tracked the predicted 175 proportion closely (Figure 1, Supplementary figure 1) . This was consistent with the pattern seen 176 in our control that used samples from different lanes. Despite this, we find that our method is 177 able to identify index switching in the simulated dataset. In particular, we find elevated allele with the Bioanalyzer plot for one of our libraries in Figure 3a ). Our enhanced cleanup efficiency 214 could be due to fact that, while the Nextera XT kit recommends a single cleanup step with 0.6 215 volumes of Agencourt AMPure XP beads, we performed two rounds of cleanup with 1.6 216 volumes of MagNA beads (the maximum size of the fragments that are removed during beads 217 cleanup is, roughly, inversely proportional to the ratio of bead solution that is added to the 218 reaction -smaller volumes of beads should therefore be more efficient at removing free 219 adapter/primers). However, a single cleanup with 1 volume of MagNA beads was sufficient to 220 completely remove primers/adapters from our libraries (Figure 3b ). MagNA and AMPure XP 221 beads have been shown to have comparable recovery efficiency and size discrimination 222 (Rohland and Reich, 2012) , and this is confirmed by our experience. While it is possible that, 223 because of their different design, libraries produced using the Nextera XT protocol simply 224 contain a much larger amount of free adapters/primers that cannot be efficiently removed with 225 one single cleanup step, we did not directly test this. Although we failed to detect index switching here, it may be prudent to employ techniques for 260 avoiding the issue. Two main suggestions have been proposed: (1) using dual index barcodes, 261 so that both indices are unique to a sample and (2) thoroughly cleaning library preparations to 262 remove free primers. Beyond this, researchers should be more aware of what samples are 263 multiplexed together, a process that is often determined by the sequencing facility without 264 regard for sample identity. 265 266
Conclusion 267
We have failed to find evidence for index switching here, but we certainly do not make the claim 268 that it cannot or does not happen. However, we would like to make two points: (1) index this problem, research labs and companies can spend time and effort creating molecular 271 protocols to reduce this issue and bioinformatic programs to detect or remove misattributed 272 reads. Like all genotyping methods, errors are inevitable, but by better understanding their 273 source we can sort signal from noise. 
